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The glass-forming ability, crystallized structure, and magnetic properties have been investigated for
a Fe67Co9.5Nd3Dy0.5B20 glassy alloy with a large supercooled liquid region prepared by the
melt-spinning technique. The glassy phase is formed in the wide ribbon thickness range below about
250 mm, and the volume fraction of the glassy phase decreases gradually with increasing ribbon
thickness to above 250 mm. The crystallized nanocomposite structure consists of Nd2Fe14B,
~Fe,Co!3B, and a-~Fe,Co!, and the remanence Br , coercivity iHc , and maximum energy product
(BH)max are 1.24 T, 247 kA/m, and 105 kJ/m3, respectively, for the ribbon of 250 mm in thickness
annealed at 903 K for 600 s. The magnetic properties remain almost unchanged in the thickness
range below 250 mm, and decrease gradually in the ribbons with thicknesses above 250 mm.
© 2001 American Institute of Physics. @DOI: 10.1063/1.1335637#Nd2Fe14B-type nanocomposite permanent magnets con-
sist of exchange-coupled nanoscale hard magnetic Nd2Fe14B
and soft magnetic a-Fe or Fe3B phases.1–3 The methods for
preparing the permanent magnet materials include melt spin-
ning or mechanical alloying. Generally, melt-spun ribbons
including an amorphous phase are crystallized to obtain op-
timal hard magnetic properties. However, ordinarily Fe–
Nd–B alloys do not have a sufficiently large glass-forming
ability ~GFA! which is enough to obtain nanocomposite per-
manent magnets in the melt-spun ribbon with large thick-
ness. The nanocomposite magnets have been prepared di-
rectly without subsequent heat treatment after melt spinning
with controlled roll surface velocity.2,4,5 However, the struc-
ture of the resulting thick ribbon is not homogeneous and the
magnetic properties have scattering.
Glassy alloys with a large supercooled liquid region
DTx(5Tx2Tg) defined by the difference between glass
transition temperature Tg and crystallization temperature Tx
and/or high reduced glass transition temperature Tg /Tm(Tm :
melting pint! have a high resistance against crystallization
leading to high GFA.6,7 In addition, such glassy alloys have
the warm workability to various shapes through large vis-
cous flow of supercooled liquid. More recently, we have
searched for a new glassy Fe–Co–Nd–Dy–B alloy with a
large DTx exceeding 45 K and high Tg /Tm above 0.57.8,9
Good hard magnetic properties in a bulk or a thick ribbon
form are expected to be obtained after heat treatment for
such glassy alloys, when a nanocomposite structure consist-
ing of hard magnetic Nd2Fe14B and soft magnetic ~Fe,Co!3B
and a-~Fe,Co! phases8,9 is obtained. In this communication,
we report the glass-forming ability, thermal stability, crystal-
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Fe67Co9.5Nd3Dy0.5B20 alloy prepared by the melt-spinning
technique.
An alloy ingot with a composite of
Fe67Co9.5Nd3Dy0.5B20 was prepared by arc melting the mix-
tures of pure metals and boron in an argon atmosphere. The
ingot was crushed into small pieces to accommodate the size
of a quartz crucible for melt spinning. The nozzle diameter
of the crucible was about 0.7 mm. Ribbon samples with vari-
ous thicknesses ranging from 20 to 340 mm were prepared
by using single-roll melt spinning equipment with a copper
roll in an argon atmosphere. The injection pressure remained
at a value of 30 kPa relative to the chamber pressure. The
surface velocity Vs of the roll was changed in the range from
1.5 to 40 m/s. These ribbons were sealed in a quartz tube,
evacuated to 431023 Pa, and then isothermally annealed for
600 s at 903 K. The structure of the ribbons was examined
by x-ray diffraction ~Cu Ka! and transmission electron mi-
croscopy ~TEM!. Thermal stability was examined under an
argon atmosphere at a heating rate of 0.67 K/s by differential
scanning calorimetry ~DSC!. Magnetic properties were mea-
sured by a vibrating sample magnetometer with a maximum
applied magnetic field of 16 kOe.
Figure 1 shows the x-ray diffraction patterns taken from
the freely solidified surface of the melt-spun
Fe67Co9.5Nd3Dy0.5B20 ribbons with thicknesses ranging from
20 to 340 mm. The ribbon samples with thicknesses below
about 250 mm show a broad halo peak and no distinct crys-
talline peak is seen. Further increase in the ribbon thickness
over about 250 mm causes the formation of crystalline
phases. Therefore, it is concluded that the critical sample
thickness for formation of the glassy phase lies around 250
mm. Figure 2 shows DSC curves of the melt-spun
Fe67Co9.5Nd3Dy0.5B20 ribbons with thicknesses ranging from9 © 2001 American Institute of Physics
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tion DHx remain almost constant in the ribbon with a thick-
ness range below 250 mm, indicating the formation of a
glassy phase in the thickness range. The result is consistent
with that obtained by x-ray diffraction. In addition, the two-
stage exothermic peak behavior is also observed in the rib-
bon thickness range above 250 mm, although the DHx gradu-
ally decreases. It is interpreted that the glassy phase still
exists in the ribbons with thicknesses up to 340 mm. It has
been reported that conventional Fe77Nd4B18.5 and Fe86Nd8B6
amorphous alloys are formed in the maximum ribbon thick-
ness tmax range below about 60 and 30 mm, respectively, by
the melt spinning technique.2,5,10 Consequently, it is said that
the Fe67Co9.5Nd3Dy0.5B20 alloy has a larger glass-forming
ability which exceeds largely those of the Fe77Nd4.5B18.5 and
Fe86Nd8B6 alloys. The larger GFA for the present Fe-based
alloy is concluded to originate from the high thermal stability
of the supercooled liquid against crystallization. The reason
for the larger DTx and tmax for the Fe–Co–Nd–Dy–B glassy
FIG. 1. X-ray diffraction patterns of melt-spun Fe67Co9.5Nd3Dy0.5B20 rib-
bons with thicknesses ranging from 20 to 340 mm prepared by changing the
roll surface velocity in the range from 1.5 to 40 m/s.
FIG. 2. DSC curves of the melt-spun Fe67Co9.5Nd3Dy0.5B20 ribbons with
thicknesses ranging from 20 to 340 mm.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject toalloy is discussed in the framework of the three empirical
rules6,7 for the achievement of large GFA. The base compo-
sition in the present alloys is an Fe–RE–B system ~RE5rare
earth!, which satisfies the three empirical rules. The addition
of Co and Dy elements is effective for an increase in the
degree of the satisfaction of the empirical rules. That is, the
addition of these elements causes the more sequential change
in atomic size in the order of Nd.Dy@Fe.Co@B, as well
as the generation of new atomic pairs with relatively large
negative heats of mixing. In the supercooled liquid in which
the three empirical rules are satisfied at a high level, the
topological and chemical short-range orderings are en-
hanced, leading to the formation of a highly dense random
packed structure with higher thermal stability of the super-
cooled liquid against crystallization.
The hysteresis loops of the melt-spun
Fe67Co9.5Nd3Dy0.5B20 ribbon are shown in Fig. 3~a!. The soft
magnetic behaviors are recognized in the ribbons with thick-
nesses ranging from 20 to 250 mm. The thicker ribbons show
very low coercivity and do not indicate hard magnetic be-
havior. It is known that the melt-spun Fe86Nd8B6 and
Fe77Nd4.5B18.5 ribbons show good hard magnetic properties
in the as-spun state,2,5 namely the Nd2Fe14B/a-Fe and
Nd2Fe14B/Fe3B nanocomposite permanent magnets are ob-
tained by the melt-spinning technique with optimal roll
speeds. In contrast, the melt-spun Fe67Co9.5Nd3Dy0.5B20 rib-
bons do not exhibit good hard magnetic properties. This is
because the Fe67Co9.5Nd3Dy0.5B20 alloy has large glass-
forming ability and high resistance against crystallization,
leading to the Nd2Fe14B/~Fe3B, a-Fe) nanocomposite struc-
ture which cannot be formed in the melt-spun state. Hyster-
esis loops of the melt-spun ribbons annealed state for 600 s
at 903 K are shown in Fig. 3~b!. The loops are similar to
those for the ribbons with thicknesses below 250 mm, exhib-
iting good hard magnetic properties. However, the rema-
nence Br , coercivity iHc , and hysteresis squareness de-
FIG. 3. Hysteresis loops of the melt-spun Fe67Co9.5Nd3Dy0.5B20 ribbons
with various thicknesses of 20, 250, 290, and 340 mm: ~a! melt-spun state,
~b! annealed for 600 s at 903 K. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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mm. The Br, reduced remanence (M r /M s), iHc , and maxi-
mum energy product (BH)max are 1.28 T, 0.84 and 231
kA/m, and 106 kJ/m3, respectively, for the ribbon of 20 mm
in thickness, 1.24 T, 0.82 and 247 kA/m, and 105 kJ/m3,
respectively, for the ribbon of 250 mm in thickness. These
materials are magnetically isotropic. The Br , iHc , and
(BH)max of the melt-spun Fe67Co9.5Nd3Dy0.5B20 ribbons an-
nealed state for 600 s at 903 K are nearly constant in the
thickness range below 250 mm and decrease gradually with
further increasing ribbon thickness to above 250 mm. The
changes in the magnetic properties and DHx with ribbon
thickness are extremely analogous, indicating that the hard
magnetic properties are dependent on the volume fraction of
the glassy phase in the melt-spun ribbons. This is because the
nanocomposite structure was obtained from the glassy phase
in the melt-spun ribbons by heat treatment. The x-ray dif-
fraction patterns of the melt-spun Fe67Co9.5Nd3Dy0.5B20 rib-
FIG. 4. XRD patterns of the melt-spun Fe67Co9.5Nd3Dy0.5B20 ribbons with
various thicknesses of: ~a! 20 and ~b! 250 mm annealed for 600 s at 903 K.Downloaded 25 Mar 2010 to 130.34.135.83. Redistribution subject tobon with thicknesses of 20 and 250 mm annealed for 600 s at
903 K are shown in Fig. 4, and identified as
(Fe,Co!3B, a-~Fe,Co!, and Nd2Fe14B phases for both the
samples. From the TEM images, it has been identified that
the nanocomposite structure is obtained in both the samples,
and the average grain sizes are about 25 nm.
The glassy phase in the melt-spun Fe67Co9.5Nd3Dy0.5B20
alloy was formed in the wide ribbon thickness range up to
about 250 mm. The Nd2Fe14B/~a-Fe,Fe3B) nanocomposite
structure was obtained, and the Br , iHc , and (BH)max are
1.24 T, 247 kA/m, and 105 kJ/m3, respectively, for the rib-
bon of 250 mm in thickness annealed at 903 K for 600 s. The
magnetic properties remain almost unchanged in the thick-
ness range below 250 mm and decrease gradually with fur-
ther increasing ribbon thickness. The hard magnetic proper-
ties are dominated by the volume fraction of the glassy phase
in the melt-spun ribbons. The Nd2Fe14B/~a-Fe,Fe3B) nano-
composite permanent magnets with thicknesses ranging from
20 to 250 mm can be obtained from glassy ribbons prepared
by the melt-spinning technique and a subsequent heat treat-
ment.
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